Abstract. Paeonol (2'-hydroxy-4'-methoxyacetophenone) is an active component isolated from the root of Paeonia Suffruticosa Andrews. We previously found that paeonol inhibited vascular cell adhesion molecule-1 (VCAM-1) expression, and thus may be useful for the prevention and treatment of rabbit atherosclerosis (AS); however, the underlying mechanisms are not yet well known. Recently, microRNAs (miRNAs or miRs) have been reported to play an important role in the pathogenesis of AS. In the present study, we examined the effects of paeonol on miRNA-126 (miR-126) expression, and its ability to inhibit monocyte adhesion to oxidized low-density lipoprotein (ox-LDL)-injured vascular endothelial cells (VECs). VECs were isolated from the rat thoracic aorta and stimulated with ox-LDL (20 mg/l) in the presence of paeonol. We found that miR-126 had a lower expression in the ox-LDL-injured VECs, and VCAM-1 was identified as a target gene of miR-126. Furthermore, paeonol promoted miR-126 expression and suppressed VCAM-1 expression at the mRNA and protein level. It also inhibited monocyte adhesion to ox-LDL-injured VECs through the promotion of miR-126 expression. Furthermore, it was demonstrated that paeonol blocked the activation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/nuclear factor-κB (NF-κB) signaling pathway by promoting miR-126 expression. Taken together, and to the best of our knowledge, the findings of this study provide the first evidence that paeonol promotes miR-126 expression to inhibit monocyte adhesion to ox-LDL-injured VECs and block the activation of the PI3K/Akt/NF-κB signaling pathway. Our data suggest that miR-126 plays a crucial role in vascular inflammation and may be an important therapeutic target in the treatment of AS with the use of paeonol.
Introduction
Paeonol (2'-hydroxy-4'-methoxyacetophenone) (chemical structure shown in Fig. 1 ) is a main constituent of the root of Paeonia Suffruticosa Andrews, which has long been used as an anti-inflammatory agent in China (1, 2) . We previously found that paeonol was effective in the prevention and treatment of atherosclerosis (AS) at the initiation and developmental stages through the inhibition of the inflammatory response in animal models. Paeonol inhibited vascular cell adhesion molecule-1 (VCAM-1) expression to suppress monocyte adhesion to tumor necrosis factor-α (TNF-α)-stimulated vascular endothelial cells (VECs) (3) . However, the underlying mechanisms are not yet well known. It has been demonstrated that paeonol can suppress serum and aorta lipid peroxidation in models of hyperlipidemia, and can decrease serum oxidative modification induced by oxidized low-density lipoprotein (ox-LDL) in healthy humans (4) (5) (6) . Paeonol has also been shown to inhibit the expression of interleukin (IL)-1β and TNF-α to inhibit the over-proliferation of vascular smooth muscle cells (VSMCs), and decrease local inflammation in AS (7) .
VCAM-1 belongs to the immunoglobulin superfamily and is only expressed in VECs (8) , and it can be stimulated by cytokines, thus playing an important role in the pathogenesis of AS (9, 10) . MicroRNAs (miRNAs or miRs) are small non-coding RNAs that regulate the post-transcription of target genes (11, 12) , and have been shown to be involved in the pathogenesis of AS and to regulate the biological functions of VECs (13) . miRNA-126 (miR-126) is located in an intron of the epidermal growth factor like domain-7, and is selectively expressed in VECs (14) . The knockdown of miR-126 has been shown to induce the proliferation and migration of VECs, which results in endangium damage and angiogenesis-dependent disorders (15) . Notably, VCAM-1 is a specific target gene of miR-126, and the inhibition of miR-126 expression leads to a higher expression of VCAM-1 in TNF-α-stimulated VECs (11) . Moreover, phosphatidylinositol 3-kinase (PI3K) is one of the most relevant players in VEC biological processes, and activates protein kinase B (Akt) (16) . The transcription factor, nuclear factor-κB (NF-κB), participates in cellular processes, such as cell adhesion (17) .
However, it has been reported that the expression of miRNAs can be regulated by natural compound (18) . In this study, we examined the effect of paeonol on miR-126 expression, and its ability to inhibit monocyte adhesion to ox-LDL-injured VECs. Thus far, the underlying mechanisms responsible for the regulatory effects of paeonol on miR-126 expression have not yet been fully elucidated. Ox-LDL was used for the stimulation of VECs, as its formation in the subendothelial space of vascular wall is a key stage in the pathogenesis of AS (19) . Our findings indicate that miR-126 may be an important target in treatment of AS with the use of paeonol.
Materials and methods
Animals. At 6-8 weeks after birth, a total of 20 male Sprague-Dawley rats (weighing 160-180 g) were obtained from the Experimental Animal Center of Anhui Medical University (Hefei, China). All rats were maintained under specific-free conditions in the animal facility at the Anhui University of Chinese Medicine. They were housed in a polypropylene cage (25±5˚C, 40-50% relative humidity) under controlled lighting (12 h light/dark cycle), and allowed free access to food and water. All animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and were approved by the Ethics Committee of Anhui University of Chinese Medicine (Hefei, China). Isolation of rat VECs. The VECs were isolated from the rat thoracic aorta as follows: the rats were sacrificed by euthanasia. The thoracic aortas were removed from the rats using surgical scissors, and the clean blood vessels were obtained from stripped connective and fatty tissues under sterile conditions, reversed and stringed at both ends tightly. The vascular intima was washed with DMEM supplemented with 10% fetal bovine serum (FBS), and incubated to digestion at 37˚C, and 5% CO 2 for 1 h in 0.2% collagenase I and rinsed using medium. After cutting off, the remaining aorta was cut into sections, and the tissue fragments were incubated under the same conditions. Once the cells had formed a monolayer, the explants were removed, and the cells were subcultured. The cells were identified by their endothelial cell-specific, cobblestone-like morphology, and the cells were determined by the immunocytochemical staining for Factor VIII (Boster, Wuhan, China). The cells were collected by centrifugation and resuspended in DMEM containing 10% FBS for the investigation. In all experiments, the VECs were used at passages 3-5. Transient transfection. The VECs were seeded in 6-well plates at a density of 1x10 5 cells/well in the presence of 2 ml DMEM containing 10% FBS, and incubated under normal conditions (typically 37˚C and 5% CO 2 ). HiPerFect transfection reagent (12 µl) was added to the culture medium without serum to a volume of 300 µl. Subsequently, 0.6 µl of the miR-126 mimic (20 µM stock solution) or 6 µl of the miR-126 inhibitor (20 µM stock solution) were added to these mixtures, and mixed by vortexing. The complexes were added to the VEC medium and gently swirled. The VECs were then incubated with the transfection complexes for 24 h, and these media were changed as required.
Chemicals

Quantitative polymerase chain reaction (qPCR).
Total RNA was extracted from the VECs using the Qiazol lysis reagent (Qiagen, Dusseldorf, Germany). cDNA prepared in a transcript reaction using miScript PCR Starter kit (Qiagen) served as the template for qPCR analysis. The reverse transcription conditions were as follows: 37˚C for 60 min, and 95˚C for 5 min. Subsequently, the cDNA was used for the quantification of miR-126 and VCAM-1 mRNA expression. The amplification conditions were 95˚C for 15 min at the initial activation, followed by 40 cycles of 94˚C for 15 sec, 55˚C for 30 sec, and 70˚C for 30 sec. β-actin primers were used as an internal control in equal amounts to those of the mRNA used. Gene expression was analyzed using QuantiTect SYBR-Green PCR master mix miRNA or mRNA assays, according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). Dissociation curve analysis of each sample yields only one peak, resulting from the specific amplification product (primer-dimer not co-amplified). These values were normalized to the reference gene β-actin as follows: fold =2 -ΔΔCt , where ΔCt represents the differences in cycle threshold numbers between each of the target gene and β-actin, and ΔΔCt represents the relative change between compared groups.
Western blot analysis. The VECs were lysed in ice-cold RIPA buffer (1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate and 50 mM Tris, pH 7.4) containing protease inhibitor phenylmethanesulfonyl fluoride. The total protein was quantified by BCA assay, and the loaded concentration was 300-500 µg/ml. The protein was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The protein was transferred onto a polyacrylamide difluoride membrane, which was blocked in phosphate-buffered saline-Tween-20 containing 5% non-fat dry milk, and incubated with primary antibodies to VCAM-1, p-PI3K, PI3K, p-Akt, Akt, p65, p-IκB, IκB or β-actin. Immunoreactive protein was detected with secondary antibodies (Cat. nos. ZB2301 and ZB2305; Zhongshan, Beijing, China) conjugated to horseradish peroxidase which enhanced chemiluminescence. To investigate the relation between PI3K/Akt and NF-κB pathways in the effect of paeonol, the VECs were pretreated with LY294002 (an inhibitor of PI3K, 50 µM) and PDTC (an inhibitor of NF-κB, 50 µM) for 1 h, and then treated with ox-LDL (20 mg/l) in the presence of paeonol (120 µM). The protein expression levels were detected.
Generation of luciferase reporter construct. miR-126 consensus response element, UGAGUGCCAUGCU, VCAM-1 wild-type 3'UTR response element, ACUGGACGGUACGG, and VCAM-1 mutant-type 3'UTR response element, and ACU GUUGCCAUGCG, were inserted into the multiple cloning site of the miR-126 expression vector, p-LUC-Report, downstream of cDNA for luciferase. Each vector, along with miR-126 mimic, was transfected into the VECs using HiPerFect reagent. The VECs were cultured for 24 h and assayed using the Dual-Luciferase Reporter assay system. Relative luciferase activity was calculated by normalizing the firefly luminescence as to Renilla luminescence.
Isolation of rat monocytes. The rats were anaesthetized with chloral hydrate. The abdominal aorta blood of the rats was obtained using the heparin anticoagulant tube from the rats and centrifuged at 160 x g for 10 min. The monocyte fraction was prepared by the Ficoll-Hypaque gradient technique. The cells were then suspended with lymphocyte separation solution (9% sodium diatrizoate, 5.7% Ficoll PM100), and centrifuged at 670 x g for 15 min. Monocytes were washed with phosphate buffer solution and DMEM, and centrifuged at 240 x g for 6 min. The proportion of monocytes >90% was confirmed by flow cytometry assay using anti-CD14 (Cat. no. MAB1219) and anti-CD56 (Cat. no. MAB2120Z) antibodies (Bioworld, Nanjing, China). Cell viability >95% was examined using trypan blue staining assay. For the following experiments, the monocyte concentration was adjusted to 1x10 6 cells/ml.
Cell adhesion analysis. The VECs were seeded in 96-well plates at a density of 1x10 4 cells/well, and transfected with miR-126 mimic or inhibitor. The VECs were pre-treated with paeonol for 24 h, and incubated with fresh medium containing ox-LDL (20 mg/l) for 24 h. The monocyte mixture was washed and co-cultured with the VECs for 60 min at 37˚C and 5% CO 2 . Subsequently, 200 µl of PBS were added to the dishes and gently flicked on tissue paper. The unbound monocytes were removed. The adherent cells were fixed in 100 µl methanol for 10 min, washed and incubated with 100 µl Rose-Bengal (0.25%, pH 7.3; Aladdin, Shanghai, China) for 10 min, as previously described (20) . These cells were washed 3 times with PBS and incubated with 50% ethanol for 1 h. The absorbance (A) value was measured using a microplate reader at 490 nm.
Statistical analysis. All data are expressed as the means ± SD, and analyzed using the SPSS version 17.0 software package. The Student's t-test and ANOVA were used for the analysis of experimental data. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of ox-LDL on miR-126 expression in VECs.
To verify whether miR-126 is specifically expressed in inflammatory VECs, ox-LDL was used to stimulate the rat VECs in vitro. We found that stimulation with ox-LDL (20, 40 and 80 mg/l) suppressed VEC viability in a concentration-and time-dependent manner (as shown by the increased VEC suppression rate; Fig. 2A ). The suppression rate of cell viability was close to 50% in the cells stimulated with 20 mg/l ox-LDL for 24 h. These conditions were used as the optimal stimulation concentration and time in subsequent experiments. Of note, miR-126 had a lower expression in the ox-LDL-stimulated VECs. Transfection with the miR-126 mimic significantly promoted miR-126 expression, and transfection with the miR-126 inhibitor decreased miR-126 expression (Fig. 2B) . To investigate the function of miR-126, the expression of VCAM-1, which is a target gene of miR-126, was analyzed. miR-126 negatively regulated VCAM-1 expression at the mRNA and protein level (Fig. 2C and D) . The expression of VCAM-1 increased with ox-LDL stimulation, and decreased by transfection with the miR-126 mimic. Transfection with the miR-126 inhibitor led to an increase in VCAM-1 expression. Taken together, our results suggested that miR-126 had a lower expression in the ox-LDL-stimulated VECs, and that miR-126 negatively regulated VCAM-1 expression.
Identification of VCAM-1 serving as a target gene of miR-126.
To determine the predicted target sites for miR-126 in the 3'UTR of VCAM-1 mRNA which is responsible for the downregulation of VCAM-1 expression, dual-luciferase reporter assay with a vector containing the VCAM-1 wild-type or mutant-type 3'UTR downstream of the luciferase reporter gene was performed. The wild-type or mutant-type 3'UTR mRNA of VCAM-1 and miR-126 mimic were transfected into the VECs using HiPerFect reagent. Following 24 h of culture, firefly luciferase activity was detected in the cells transfected with the reporter plasmids and normalized to the transfection efficiency with Renilla luciferase activity, which was derived from a co-transfection with an expression plasmid. Transfection with the wild-type plasmids and the presence of miR-126 target sites led to a marked reduction in luciferase activity. By contrast, the incorporation of mutant-type 3'UTR mRNA plasmids did not affect luciferase efficiency, although the luciferase activity was increased compared to the group transfected with the wildtype plasmid (Fig. 3) . It was clearly demonstrated that VCAM-1 served as a target gene of miR-126 in the VECs.
Effect of paeonol on miR-126 expression in ox-LDL-injured
VECs. To further determine the mechanisms through which paeonol can effectively prevent and treat AS, we examined the effect of paeonol on miR-126 expression in the ox-LDL-injured VECs. The VECs were first treated with paeonol, and then stimulated with ox-LDL (20 mg/l). We found that treatment with paeonol (30, 60, 120, 240 and 480 µM) protected the VECs from ox-LDL-induced injury, as shown by the increase in cell viability (Fig. 4A ). However, paeonol had a slightly toxic effect as a concentration >480 µM and cultured times longer than 48 h (data not shown). Notably, paeonol significantly promoted miR-126 expression in a concentration-dependent manner (Fig. 4B) . Our resutls thus suggested that paeonol promoted miR-126 expression to inhibit VEC injury.
Paeonol exerts inhibitory effects on VCAM-1 expression by promoting miR-126 expression.
In order to demonstrate the effect of paeonol on the function of miR-126, we analyzed the expression of its target gene, VCAM-1. Firstly, the mimic/inhibitor of miR-126 was transfected into rat VECs; after 24 h, the VECs were cultured with medium containing paeonol (120 µM). We found that the miR-126 expression level was markedly upregulated by paeonol, increased by the miR-126 mimic, and decreased by the miR-126 inhibitor (Fig. 5A) . Paeonol markedly suppressed the mRNA expression of VCAM-1, and the overexpression of miR-126 induced by transfection with the miR-126 mimic markedly inhibited the mRNA expression of VCAM-1; this effect of paeonol was attenuated by transfection with the miR-126 inhibitor (Fig. 5B) . We then sought to determine the regulatory effect of miR-126 mediated by paeonol on VCAM-1 expression at the protein level. The upregulation of miR-126 expression by transfection with miR-126 mimic markedly enhanced the inhibitory effect of paeonol on VCAM-1 protein expression. By contrast, the knockdown of miR-126 markedly diminished the inhibitory effects of paeonol on VCAM-1 expression (Fig. 5C ). These results indicated that paeonol inhibited VCAM-1 expression by promoting miR-126 expression.
Effects of paeonol on monocyte adhesion to ox-LDL-injured VECs are mediated via miR-126 expression.
To investigate whether paeonol inhibits monocyte adhesion to ox-LDL-injured VECs by regulating miR-126 expression, the mimic/inhibitor of miR-126 was transfected into the VECs; after 24 h, the VECs were stimulated with ox-LDL in the presence or absence of paeonol. ox-LDL induced monocyte adhesion to VECs. It was shown that paeonol suppressed monocyte adhesion to VECs induced by ox-LDL, and the effect of paeonol was enhanced by the miR-126 mimic, but was reduced by the miR-126 inhibitor (Fig. 6) . These results suggested that paeonol suppressed monocyte adhesion to ox-LDL-injured VECs via miR-126 expression.
Effects of paeonol on the PI3K/Akt/NF-κB pathway are mediated via miR-126 expression. To explore whether the promoting effects of paeonol on miR-126 expression are closely related to the PI3K/Akt/NF-κB pathway, miR-126 mimic/inhibitor was transfected into the VECs. After 24 h, the VECs were treated with LY294002 (an inhibitor of PI3K) and PDTC (an inhibitor of NF-κB) for 1 h, and then stimulated with ox-LDL (20 mg/l) in the presence of paeonol (120 µM). Paeonol significantly suppressed the phosphorylation of PI3K and Akt. The effect of paeonol was enhanced by transfection with the miR-126 mimic, but was diminished by transfection with the miR-126 inhibitor (Fig. 7A) . Moreover, it was found that paeonol significantly suppressed the phosphorylation of IκB and the activation of the NF-κB pathway, and its effect was enhanced by the miR-126 mimic, but diminished by the miR-126 inhibitor. In addition, the NF-κB pathway was indicated as downstream of the PI3K/Akt pathway by the inhibitor of the PI3K pathway (Fig. 7B) . Taken together, our results revealed that paeonol blocked the activation of the PI3K/Akt/NF-κB signaling pathway via the upregulation of miR-126 expression.
Discussion
In this study, ox-LDL markedly induced damage to VECs, and miR-126 had a lower expression in ox-LDL-injured VECs in vitro. It has been reported that miR-126 is a strongly expressed miRNA specific to endothelial cells, and also affects the physiological and pathological processes of vascular diseases, such as AS (11, 21) . AS is a complex chronic inflammatory and metabolic disease (22) . Injured VECs may be detrimental to the structure of plaque, and based on the fact that endothelial destruction precedes atherogenesis, the injury of VECs may also predispose to arterial thrombosis (23) . VCAM-1 plays an important role in the slow rolling of monocytes along the surface of the endothelial layer and in the pathological process of AS (9, 24) . miRNAs play an important role in both inflammatory and cardiovascular diseases (25) . In this study, miR-126 downregulated VCAM-1 expression and protected the rat VECs from ox-LDL-induced injury. miRNAs can bind and interfere with the mRNAs of target genes specifically, and negatively regulate their expression. Accordingly, in this study, miR-126 suppressed VCAM-1 expression by combination of the miR-126-binding sites, and the upregulation of miR-126 inhibited VCAM-1 gene expression. Exogenous miR-126 suppresses luciferase activity when the miR-126-binding site is fused to the luciferase 3'UTR mRNA of VCAM-1 (11) . These findings raise the possibility that medical strategies aimed at causing controlled alterations to the levels of gene-targeting miRNAs, such as miR-126, may be effective therapies for inflammatory diseases. miRNAs are good candidates, particularly for the therapeutic intervention, as they have an impact on the expression of target genes, rather than simply turning genes on or off, thereby regulating cellular inflammation through external regulation.
Moreover, we found that paeonol promoted miR-126 expression to suppress VCAM-1 expression in ox-LDL-injured VECs and monocyte adhesion to the VECs. miR-126 expression can be modulated by natural compound, and participates in the vascular inflammatory response (26) . The deletion of miR-126 causes the loss of vascular integrity and leads to defects in the proliferation and migration of endothelial cells (27) . VCAM-1 is expressed in VECs and plays an important role in monocyte or lymphocyte rolling and adhesion in inflammation in earlyonset AS (28, 29) . Thus, the inhibition of VCAM-1 expression suggests anti-inflammatory properties for endothelial cells. As reported in a previous study, paeonol suppressed VCAM-1 expression in TNF-α-stimulated VECs (3). VCAM-1 expression can be regulated at the post-transcriptional level (30) . miR-126 inhibits leukocyte adherence through the decrease of VCAM-1 expression (11) . In is suggested that miR-126 expression induced by paeonol can downregulate the expression of adhesion molecule and may exert additional inhibitory effects on vascular inflammation.
However, it has been demonstrated that the transcription factor, NF-κB, is sensitve to oxidants such as ox-LDL, and is also associated with the cellular function of adhesion (31, 32) . NF-κB activation is required for the induction of adhesion molecules, such as VCAM-1, and is responsible for monocyte adhesion and vascular inflammation (33) . On the other hand, the PI3K/Akt signaling pathway is known as a critical regulator of NF-κB activation in response to extracellular stress (34) . In this study, to further clarify the detailed mechanisms responsible for the inhibitory effects of paeonol on cell adhesion, the effects of paeonol on the PI3K/Akt/NF-κB pathway were analyzed. Our results revealed that paeonol blocked the activation of the PI3K/Akt/NF-κB signaling pathway by promoting miR-126 expression. The overexpression of miR-126 has been reported to inhibit the expression of p-Akt and to regulate PI3K signaling by targeting the PI3K regulatory subunit β (p85β) (35, 36) a target gene of miR-126 identified previously in endothelial cells (37) , indicating that its function is related to the PI3K/Akt pathway. Similarly, the decrease in p-Akt protein levels follwoing the suppression of p85β protein expression by miR-126 has also reported (38) . In this study, it was proven that NF-κB is downstream of the PI3K/Akt pathway as regards the effect of paeonol. It played an important role in the inhibitory effect of paeonol on monocyte adhesion to ox-LDL-injured VECs via the induction of miR-126 expression.
In conclusion, in the present study, we demonstrated that paeonol promoted miR-126 expression to inhibit monocyte adhesion to ox-LDL-injured VECs and block the activation of the PI3K/Akt/NF-κB signaling pathway. We provide evidence that miR-126 may serve as an important therapeutic target in the treatment of AS with the use of paeonol.
